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The high thermal conductivity of boron arsenide (BAs) makes it a promising material for opto-
electronic applications in which thermal management is central. In this work, we study the finite
temperature optoelectronic properties of BAs by considering both electron-phonon coupling and
thermal expansion. The inclusion of electron-phonon coupling proves imperative to capture the
temperature dependence of the optoelectronic properties of the material, while thermal expansion
makes a negligible contribution due to the highly covalent bonding character of BAs. We predict
that with increasing temperature the optical absorption onset is subject to a red shift, the absorption
peaks become smoother, and the phonon-assisted absorption at energies below those of the optical
gap has a coefficient that lies in the range 10−3–10−4 cm−1. We also show that good agreement
with the measured indirect band gap of BAs is only obtained if exact exchange, electron-phonon
coupling, and spin-orbit coupling effects are all included in the calculations.
I. INTRODUCTION
Semiconductors from the III–V main group, such as
gallium arsenide (GaAs), possess a variety of properties
which make them suitable candidates to compete with
silicon in optoelectronic applications. The III–V zinc-
blende type compound boron arsenide (BAs) had until
recently not been considered a suitable competitor in this
context due to the inability of synthesizing high quality
samples. However, the recent successful synthesis of a
highly pure sample of cubic BAs, and especially the pre-
diction [1–4] and subsequent measurement of an extraor-
dinarily high room temperature thermal conductivity in
the range of 900− 1300 W/mK [5–7] (second only to di-
amond), have placed BAs at the core of optoelectronics
research.
BAs could prove particularly useful for thermal man-
agement, which typically poses a big challenge for operat-
ing optoelectronic devices. Additionally, its low density,
large resistivity, low effective carrier mass [8–10], the pos-
sibility of making a perfect alloying system with GaAs
[11], chemical resistance towards decomposition and dis-
solution at ambient conditions [12], and an electronic
configuration which is isoelectronic to that of Si, open
doors to a multitude of novel optoelectronic applications
for BAs [13–17], including photovoltaics and photoelec-
trochemical water splitting [18].
The optical properties of BAs are dominated by an
indirect band gap at 1.46 eV [18] which determines the
absorption onset of the optical spectrum. Momentum
conservation dictates that indirect optical transitions are
mediated by phonons and therefore the absorption across
the indirect gap is a relatively weak second order process
[19–21]. Stronger absorption is expected starting at the
energy of the minimum direct gap, which in BAs occurs
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at the Γ-point. The electronic structure of BAs is also
influenced by the spin-orbit interaction, which lifts the
triple degeneracy of the valence band maximum, and by
electron-electron correlation effects, which are required to
capture the correct magnitude of the band gap [8, 22–24].
Furthermore, temperature changes have been shown to
significantly modify the band gap [25–29] and absorption
spectrum [30–38] of multiple semiconductors.
In this work, we use first principles methods to study
the role of temperature on the optoelectronic properties
of BAs by including both electron-phonon interactions
and thermal expansion. Our main observations are: (i)
the inclusion of electron-phonon coupling, spin-orbit cou-
pling, and exact exchange are all essential to reproduce
the experimentally measured band gap, (ii) the absorp-
tion spectrum smoothens with increasing temperature,
(iii) the indirect band gap undergoes a red shift of about
110 meV due to quantum zero point motion, and the ab-
sorption onset a red shift of a further 80 meV with in-
creasing temperature from 0 K to 400 K, (iv) the electron-
phonon coupling strength is weakly dependent on spin-
orbit interactions but changes by about 20% when exact
exchange is included, (v) terms beyond the lowest order
in the electron-phonon interaction make a significant con-
tribution and increase the band gap correction by about
30%, and (vi) thermal expansion makes a negligible con-
tribution to the optoelectronic properties of BAs.
The rest of the paper is organized in the following
fashion. In Sec. II we discuss the equilibrium properties
of zinc-blende BAs, differentiating between results using
various exchange-correlation functionals, and discussing
both electronic structure and lattice dynamics. These
calculations serve as a prerequisite for Sec. III, where we
investigate the finite temperature effects of the electronic
structure driven by electron-phonon coupling and ther-
mal expansion. In Sec. IV we demonstrate the effect of
electron-phonon coupling on the finite temperature opti-
cal absorption of BAs, and we summarize our findings in
Sec. V.
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2II. EQUILIBRIUM PROPERTIES
A. Computational details
All our first principles calculations are performed us-
ing density functional theory (DFT) [39, 40] with the
projector augmented wave method [41, 42] as it is im-
plemented in vasp [43–46]. We employ an energy cut-
off of 500 eV and a Brillouin zone (BZ) grid including
8×8×8 k-points for the primitive cell and commensurate
grids for the supercells. We relax the volume until the
stress is below 10−2 GPa, while the internal atomic coor-
dinates are fixed by symmetry. We compare the perfor-
mance of two different exchange correlation functionals,
namely the semilocal generalized gradient approximation
of Perdew-Burke-Ernzerhof (PBE) [47] and the hybrid
Heyd-Scuseria-Ernzerhof functional (HSE) [48, 49]. The
spin-orbit interaction is included perturbatively using the
second variational method [50].
For the lattice dynamics calculations, we employ the
finite displacement method [51] combined with nondiag-
onal supercells [52] to construct the matrix of force con-
stants, which is then Fourier transformed to the dynami-
cal matrix and diagonalized to obtain the vibrational fre-
quencies and eigenvectors. We obtain converged results
using a 6 × 6 × 6 coarse q-point grid used as a starting
point for the Fourier interpolation to a finer grid along
high symmetry lines to construct phonon dispersions and
to a finer stochastic grid to calculate the vibrational con-
tribution to the energy. We only use the PBE functional
for the lattice dynamics calculations, and avoid using the
HSE functional due to the increased computational cost
associated with the incorporation of exact exchange.
B. Structure
We consider the cubic F43m structure of BAs with two
atoms in the primitive cell and with an experimentally
reported lattice parameter of a = 4.777 A˚ [53]. In order
to find the equilibrium geometry we minimize the energy
with respect to the cubic lattice parameter a. The results
for the different functionals listed in the previous section
are shown in Table I. We find an equilibrium geometry
for PBE in which the lattice parameter overestimates the
experimental one by about 0.8 %. For HSE, we obtain a
smaller volume that only underestimates the experimen-
tal value by 0.2 %, following the standard trend reported
for hybrid functionals [54]. The results are independent
of whether the spin-orbit interaction is included or not.
C. Bandstructure
In Fig. 1 we show the bandstructure of BAs calculated
using the PBE and the HSE functionals. The valence
bands are dominated by both boron and arsenic p-type
orbitals with the valence band maximum at the six-fold
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FIG. 1. Electronic band structure of BAs calculated at the
PBE and HSE level of theory. The band structure for PBE
is plotted both with and without spin-orbit effects and we
show the relevant band representations of the VBM with and
without spin-orbit coupling.
degenerate Gamma point Γ (0,0,0). The conduction band
at the Γ-point is also a p-type state constituted of 33 % B
2p, 61 % As 4p and 6 % As 3dxz orbitals. The conduction
band minimum is located on the path between the Γ and
the X-point at the fractional k-point (0.39, 0, 0.39) and
has significant additional s-type contributions from both
boron and arsenic.
The minimum band gap is of indirect nature and has
a value of 1.19 eV calculated with PBE and of 1.76 eV
calculated with HSE. By comparison, the experimental
estimates of the minimum band gap lie at around 1.46 eV
as measured at 300 K [18]. The minimum direct band
gap occurs at the Γ-point and has a value of 3.24 eV for
PBE and 4.09 eV for HSE with no experimental estimates
available for comparison. We provide a list of the mini-
mum indirect and direct gaps calculated with a range of
exchange correlation functionals in Table I.
The bandstructure of BAs calculated with the HSE
functional and shown in Fig. 1 shows two main distin-
guishing features when compared to the result without
incorporating exact exchange. Firstly, there is an overall
shift of the conduction bands towards higher band energy
values while the valence bands are stabilized. Secondly,
the magnitude of the energy shift is different for individ-
ual k-points and bands. This change in dispersiveness
can be quantified by the changes in the direct and in-
direct band gap values, the optical band gap increases
by 0.85 eV while the indirect band gap changes by only
0.57 eV.
When spin-orbit coupling is incorporated into the
ground state bandstructure calculation we observe a lift
of the degeneracy of both the valence and the conduc-
tion bands, as expected in zinc blende-type structures
[55]. The valence band maximum six-fold degenerate
Γ15v state is separated into a four-fold degenerate Γ8v
3TABLE I. Calculated structural and electronic properties of zinc-blende BAs employing the PBE and HSE exchange correlation
functionals with and without incorporation of spin-orbit coupling. We include the calculated cubic static lattice parameter with
a comparison to the experimental value from Ref. [53], the direct optical band gap Edirectg at the Γ-point, the indirect minimum
band gap Eindg as the difference of the conduction band minimum and the valence band maximum with a comparison to the
experimentally reported value from Ref. [18], and the spin-orbit gap ESOg at the valence band maximum of the Γ-point.
Lattice parameter a (A˚) Edirectg (eV) E
ind
g (eV) E
SO
g (eV)
PBE 4.817 3.242 1.197 –
PBE + SOC 4.817 3.036 1.132 0.206
HSE 4.770 4.097 1.768 –
HSE + SOC 4.770 3.905 1.717 0.192
Experiment 4.777 – 1.46 –
band (with j = 3/2) and a two-fold degenerate Γ7v band
with a spin-orbit (SO) gap of about 200 meV (see Table
I).
In Sec. III below we will show the finite temperature ef-
fects on the band gap using predominately the PBE func-
tional, but we also consider the effect of electron-electron
correlation on the electron-phonon coupling strength by
cross-checking with the HSE functional.
D. Lattice dynamics
We show the phonon dispersion curve in Fig. 2 calcu-
lated using the PBE functional along a high symmetry
path of the BZ. The phonon dispersion does not exhibit
any imaginary modes, indicating that the structure un-
der consideration is dynamically stable. We note that
some systems exhibit a dynamical instability when us-
ing the PBE functional that disappears when a range-
separated hybrid functional is used [35, 56], and in those
cases it becomes necessary to describe the lattice dynam-
ics at the higher level of theory. This latter case is not
applicable in our system, and we therefore only use the
PBE functional for the lattice dynamics calculations due
to the large computational cost associated with the HSE
functional calculations.
Experimental work has shown that there is no LO-
TO splitting in cubic BAs [57], a feature that is correctly
reproduced in our study since the calculated value of LO-
TO splitting lies in the sub-meV region. This weak LO-
TO splitting is due to the high covalent character of the
compound, reflected in the very similar values of the high
and low frequency dielectric constants of ∞ = 9.717 and
0 = 10.175, as well as in the Born effective charge of
|Z∗| = 0.46. The unusually high covalency of BAs has
also been highlighted in earlier theoretical studies [58].
The phonon dispersion calculated including spin-orbit
coupling is almost indistinguishable from the one re-
ported in Fig. 2. As an example, the optical frequencies
at the Γ-point differ by less than 0.6 meV.
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FIG. 2. Phonon dispersion (left) and density of states (right),
calculated with 6× 6× 6 q-point coarse grid.
III. TEMPERATURE DEPENDENCE OF THE
ELECTRONIC STRUCTURE
We have thus far considered the ground state prop-
erties of BAs within the static lattice approximation.
However, for the use of thermoelectrics in optoelectronic
applications it becomes interesting to study the effects
of temperature on the optical and electronic responses of
the material. In this section we focus on the electronic
structure and consider two effects that can give rise
to temperature-induced changes of the band structure,
namely electron-phonon coupling and thermal expan-
sion. In both cases we will study how the indirect band
gap changes with increasing temperature.
A. Computational details
At temperature T , the electron-phonon coupling renor-
malized electronic band nk, labelled with the momentum
4k and band index n, is given by the expectation value:
nk(T ) =
1
Z
∑
s
〈Φs(u)|nk(u)|Φs(u)〉e−Es/kBT , (1)
where |Φs〉 is the vibrational wave function in state s
and with energy Es, evaluated within the harmonic ap-
proximation in this work, and Z = ∑s e−Es/kBT is the
partition function in which kB is Boltzmann’s constant.
Equation (1) shows an explicit dependence on u = {uνq},
a collective coordinate for all the nuclei written in terms
of normal modes of vibration with wavevector q and
branch ν. We evaluate Eq. (1) using two approaches,
the quadratic approximation that relies on a low-order
expansion of the dependence of nk on u [59], and the
Monte Carlo approximation that relies on a stochastic
evaluation of Eq. (1), that we accelerate using thermal
lines [60]. The quadratic approximation can be combined
with nondiagonal supercells [52] to converge the electron-
phonon coupling contribution with respect to the number
of phonon wavevectors used to sample the vibrational BZ
at the expense of neglecting terms beyond second order in
the expansion of nk in terms of u. The Monte Carlo ap-
proximation is typically restricted to smaller simulation
cells (coarser q-point grid sampling) but includes the de-
pendence of nk to all orders in u. Using both approaches
allows us to identify the most important contributions to
the electron-phonon coupling effect. We refer the reader
to Ref. [61] for a recent review of these methods.
We calculate the equilibrium volume of BAs at tem-
perature T by minimizing the Helmholtz free energy as
a function of volume within the quasiharmonic approxi-
mation [62]. The renormalization of electronic bands nk
arising from thermal expansion is then evaluated using
the appropriate volume at each temperature. Conver-
gence tests show that the relative free energy difference
between coarse grids of sizes 6 × 6 × 6 and 8 × 8 × 8 q-
points is below 2 meV/atom at 300 K. Accordingly, the
results in Sec. III C are obtained with a 6× 6× 6 q-point
grid.
B. Electron-phonon coupling
We apply the quadratic approximation and the
stochastic Monte Carlo approximation using the PBE
functional with an energy cutoff of 500 eV to compute
the zero point and finite-temperature renormalization of
the indirect band gap of BAs, with the VBM at the Γ-
point and the CBM located at the k-point (0.39, 0, 0.39)
in the BZ. For the quadratic approach we benchmark the
temperature dependence of the indirect band gap evalu-
ated using q-point grids of sizes 4 × 4 × 4, 6 × 6 × 6,
8× 8× 8 and 16× 16× 16 at finite displacement ampli-
tudes of 0.5uRMS where uRMS =
√〈u2〉 for each phonon
mode. The convergence of the quadratic approximation
as a function of q-point grid size is depicted in Fig. 3a,
and indicates that calculations on a 6×6×6 q-point grid
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FIG. 3. (a) Temperature dependence of the indirect band gap
correction arising from electron-phonon coupling, computed
with PBE, and evaluated within the quadratic approxima-
tion for different q-point grid sizes. Note, that the band gap
corrections for the 6 × 6 × 6 and 8 × 8 × 8 q-point grids al-
most entirely overlap. (b) Comparison between the results
for the temperature dependent band gap correction of the in-
direct band gap obtained with the quadratic approximation
(blue line) and the MC sampling approach (red circles) using
a 6 × 6 × 6 q-point grid in both approaches. Within the MC
scheme, we also include spin-orbit effects (green circles), and
use the HSE functional at 300 K only (blue circle).
are within 5 meV of the reference at 400 K, with better
convergence for lower temperatures. For the Monte Carlo
approach 80 different atomic configurations are sampled
in a 6 × 6 × 6 supercell for 0 K to 300 K and 100 con-
figurations for 400 K, both with and without spin-orbit
coupling, with the results depicted in Fig. 3b.
Figure 3 shows that temperature dependent electron-
phonon coupling reduces the indirect band gap signifi-
cantly, which is in agreement with the behaviour exhib-
ited by most semiconducting materials [63]. However, we
observe significant discrepancies between the quadratic
method and the Monte Carlo approach when it comes to
the zero point as well as the temperature dependent band
gap correction. The MC evaluation predicts a band gap
renormalization due to zero point quantum motion which
is up to 10 % larger than for the quadratic evaluation.
At 400 K the MC calculations predict a band gap change
which is 32 % larger than for the quadratic approxima-
tion. This difference can be attributed to the higher-
order phonon contributions to the electron-phonon cou-
pling which are included in the Monte Carlo scheme but
not in the quadratic approximation. The latter relies
on the truncation of an expansion of nk(u) in terms
of powers of u to second order, and thus neglects any
higher-order contributions arising from non-parabolicity.
This feature suggests that in BAs higher-order electron-
phonon interaction terms play a significant role especially
at higher temperatures.
For certain types of materials such as metal halide
perovskites [64] or superconducting Pb [65] it has been
shown that spin-orbit effects can modify the electron-
5phonon coupling strength significantly. Therefore, we
also consider the interplay between spin-orbit coupling
and electron-phonon coupling in BAs, which is reflected
both in the size of the minimum indirect band gap and in
the spin-orbit gap of the VBM at the Γ-point between the
Γ8v and Γ7v states (see Fig. 1). For the minimum band
gap, Fig. 3b shows that the temperature driven correction
including spin-orbit coupling effects lies within the statis-
tical uncertainty of the corresponding correction without
consideration of spin-orbit coupling. For the spin-orbit
gap at Γ, the static lattice value of ESOg = 206 meV is
reduced by only 3 meV due to zero point quantum mo-
tion and decreases by a further 6 ± 3 meV with increas-
ing the temperature from 0 K to 400 K. Given the small
changes induced by the inclusion of spin-orbit coupling in
the strength of electron-phonon coupling, we will neglect
spin-orbit effects when calculating the finite temperature
optical properties in Sec. IV.
Finally, we quantify the significance of the neglected
electron-electron correlation on the electron-phonon cou-
pling strength by including exact exchange via the HSE
functional. Due to the computational expense associated
with the HSE functional, our calculations are restricted
to a 4× 4× 4 supercell, and the results are compared to
those of a 4×4×4 supercell using the PBE functional in
Table II. At 300 K, the band gap correction of −142 meV
for PBE is enhanced to −163 meV for HSE, thus indi-
cating the importance of exact exchange on the strength
of electron-phonon coupling. For both PBE and HSE
band gap corrections, the shift in the individual VBM
and CBM are comparable in magnitude, but with oppo-
site signs. To obtain an accurate estimate of the band
gap at 300 K, we note that the change in the band gap
correction from PBE to HSE using a 3× 3× 3 supercell
is of 18 ± 9 meV, which compared to the corresponding
change of 21± 8 meV for the 4× 4× 4 supercell suggests
that the effect of exact exchange on the electron-phonon
coupling strength across the vibrational Brillouin zone
is relatively uniform. This allows us to extrapolate the
band gap value by using the difference between the con-
verged 6 × 6 × 6 PBE calculations and the unconverged
4×4×4 PBE calculations as a finite size correction to the
unconverged 4 × 4 × 4 HSE calculations. The resulting
HSE band gap at 300 K is 1.576 eV, as reported in Table
II. If we further account for the band gap correction due
to spin-orbit coupling at the stattic lattice level obtained
for HSE (see Table I), we get a final value for the 300 K
band gap of BAs of 1.52 eV, which is only 80 meV above
the measured indirect band gap [18].
Despite the increase of about 19% in the electron-
phonon coupling strength in going from PBE to HSE,
the overall band gap correction only changes by about
40 meV between these two levels of theory. Therefore, in
Sec. IV below we evaluate phonon-assisted optical aborp-
tion neglecting the contribution of exact exchange to the
electron-phonon coupling strength, and only considering
its larger effect on the blue shift of the static indirect
band gap reported in Table I.
TABLE II. Indirect band gap of BAs within the static lattice
approximation and including electron-phonon coupling effects
at 300 K. We show the results using a 4 × 4 × 4 supercell for
both PBE and HSE, and converged results using a 6 × 6 × 6
supercell for PBE. We also show a system size corrected HSE
band gap (see text for details) and the results including spin-
orbit coupling. The experimental band gap is taken from
Ref. [18].
Estaticg E
300K
g ∆E
static−300K
g
eV eV meV
PBE (4× 4× 4) 1.199 1.057(6) −142(6)
PBE (6× 6× 6) 1.197 1.038(5) −159(5)
HSE (4× 4× 4) 1.768 1.605(5) −163(5)
HSE (corrected) 1.765 1.576(5) −189(5)
HSE (corr.) + SOC 1.714 1.525(5) −189(5)
Experiment – 1.46 –
C. Thermal expansion
The last effect we consider for the description of the
finite temperature optoelectronic properties of BAs is the
role of thermal expansion. In optoelectronic devices, es-
pecially when alloyed with other semiconducting materi-
als, it is undesirable to observe large temperature driven
volume changes of the system under operation. There-
fore it is necessary to account for the volume change upon
temperature increase and the influence on the absorption
wavelength.
Using the quasiharmonic approximation [62], we con-
sider lattice parameters ranging from 4.82 A˚ to 4.86 A˚
in eight equidistant steps. For each of these structures
we calculate the Helmholtz free energy within the har-
monic approximation to lattice dynamics [66]. Fig. 4a
depicts the calculated Helmholtz free energy relative to
the static lattice energy of BAs as a function of lat-
tice parameter and for temperatures ranging from 0 K
to 400 K. The grey points indicate the interpolated equi-
librium lattice parameter and provide the quasiharmonic
estimate of the equilibrium volume at the given tem-
perature. The depicted temperature dependent min-
ima show that the zero point quantum motion has the
biggest effect on the lattice parameter, which increases
by 0.01 A˚ compared to the static lattice value. The tem-
perature induced lattice parameter change is smaller at
only 0.006 A˚ in going between 0 K and 400 K. We esti-
mate a room temperature thermal expansion coefficient
of 4.6 × 10−6 K−1 which is in good agreement with the
recently measured room temperature thermal expansion
coefficient of 4.2 ± 0.4 × 10−6 K−1 [67]. In Fig. 4b the
thermal expansion driven temperature dependent indi-
rect band gap with and without consideration of spin-
orbit coupling is depicted. The graph shows that the indi-
rect band gap increases by only 11 meV between 0 K and
400 K, an opposite trend to that exhibited by the changes
driven by electron-phonon coupling, and with a magni-
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FIG. 4. Thermal expansion of BAs. (a) Relative free energy
as a function of the cubic lattice parameter for five distinct
temperatures between 0 K and 400 K. The grey circles indicate
the minima of quadratically fitted free energy curves at each
given temperature. (b) Temperature dependent indirect band
gap value of BAs with and without spin-orbit coupling as a
consequence of thermal expansion.
tude about a tenth smaller. In addition, we calculate the
effect of thermal expansion on the electron-phonon cou-
pling strength at 300 K. We use the equilibrium lattice
parameter calculated within the quasiharmonic approxi-
mation at 300 K and evaluate the indirect band gap using
the Monte Carlo sampling and the PBE functional for a
4× 4× 4 supercell. The band gap correction has a value
of −151 ± 5 meV which lies within the statistical uncer-
tainty of the calculated value of −142 ± 6 meV without
consideration of volume expansion. Therefore, we will
only account for the effects of electron-phonon coupling
when studying finite temperature optical absorption in
Sec. IV below.
IV. PHONON-MEDIATED OPTICAL
ABSORPTION
A. Computational details
The finite temperature optical absorption of BAs is
calculated using a similar approach to that described in
Sec. III A for the finite temperature electronic eigenval-
ues. The optical properties of semiconductors and met-
als such as absorption, reflectance, or energy loss spectra,
are all determined by the frequency dependent complex
dielectric function ε1(ω)+ iε2(ω). We evaluate the imag-
inary part of the dielectric function within the dipole
approximation using vasp. For the calculation of the di-
electric properties we reduce the energy cutoff to 250 eV
(without loss of accuracy) and we sample the electronic
BZ using a uniform 16 × 16 × 16 k-point grid and com-
mensurate grids for the supercells. Energy conservation
in the optical absorption process is enforced by a delta
function smeared into a Gaussian function with a width
of 80 meV. We report results using the PBE functional in
conjuction with a scissor operator chosen so as to repro-
duce the static lattice value of the band gap calculated
at the HSE level of theory.
The finite temperature value of ε2 is determined by
replacing the electronic eigenvalue by ε2 in Eq. (1), an
approach known as the Williams-Lax theory [19, 20, 34].
We then evaluate the corresponding integral using the
stochastic Monte Carlo approximation combined with
thermal lines [60] to accelerate the sampling. We find
that the finite temperature dielectric function converges
using four sampling points in a 4×4×4 supercell of BAs
including 128 atoms. After the calculation of ε2, the real
part of the dielectric function ε1 is obtained using the
Kramers-Kronig relation [68], and the absorption coeffi-
cient is κ(ω) = ωε2/cn(ω), where c is the speed of light
and n(ω) is the frequency dependent refractive index of
the sample.
B. Temperature dependent optical response
The effects of phonons on the optical properties of
semiconductors are manifold, and here we focus on two
different aspects of optical absorption in BAs. First, we
consider phonon-assisted photon absorption across the
indirect band gap from the valence band maximum to
the conduction band mininum, a second order mecha-
nism that conserves the overall energy and momentum
throughout the absorption process. Second, we investi-
gate the effect of increasing temperature on the spectrum:
the absorption onset, the shape of the spectrum, and the
absorption coefficient.
Figure 5a shows the absorption spectrum of BAs in
an energy range up to 8 eV, calculated with the PBE
exchange-correlation functional in conjunction with a
scissor operator obtained from the band gap difference
between HSE and PBE (see Table II). Figure 5b shows
the same spectrum in a logarithmic scale up to an energy
of 4 eV.
The dashed black line of Fig. 5 corresponds to the ab-
sorption spectrum of BAs calculated for the static lattice.
The most significant difference between the static lattice
level result and the spectrum at 0 K (solid blue line) is the
position of the absorption onset which is clearest in the
logarithmic plot of the absorption spectrum in Fig. 5b.
The absorption onset for the static lattice approximation
occurs at 3.2 eV and corresponds to a transition across
the direct optical band gap at Γ. The onset value of
3.2 eV is below the static lattice value of the band gap of
4.1 eV reported in Table II due to the Gaussian smearing
used for the calculation of ε2, an effect that is magnified
in the logarithmic scale. The onset is additionally bi-
ased due to the employed scissor operator which recovers
the correction for the indirect band gap but still under-
estimates the effect on the optical band gap by 0.28 eV.
The absorption onset at 0 K is governed by zero point
quantum motion, which enables the transition across the
indirect band gap to occur with non-vanishing weight. As
7(a)
0.5
1.0
1.5
2.0
2.5
3.0
3.5
 0  1  2  3  4  5  6  7  80
Ab
so
rpt
ion
 co
eff
ici
en
t (1
06
 cm
-1 )
Photon energy (eV)
static
0K
100K
200K
300K
400K
(b)
101
102
103
104
105
106
0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
E g
ex
p =
 1.
46
 eV
Ab
so
rpt
ion
 co
eff
ici
en
t (c
m-
1 )
Photon energy (eV)
static
0K
100K
200K
300K
400K
FIG. 5. (a) Absorption coefficient of BAs using the PBE
approximation to the exchange correlation functional. The
calculations correspond to the stationary atoms at their equi-
librium positions (dashed black line) and to the phonon-
assisted contributions at temperatures varying from 0 K to
400 K (solid lines). We employ a scissor operator as discussed
in the text and described in Ref. [34]. (b) Absorption onset
of the absorption spectrum of BAs at the static lattice level
(dashed black line) and at temperatures ranging from 0 K to
400 K (solid lines). The vertical dashed line depicts the ex-
perimental indirect band gap measured at room temperature.
a consequence, the 0 K absorption onset is located over
1.5 eV below the static lattice absorption onset. This
is a general feature of indirect band gap semiconductors,
and can only be captured in optical response calculations
when the effects of phonons are included.
Increasing temperature leads to a red shift of the ab-
sorption onset, a result that is consistent with the find-
ings of the temperature dependent band gap presented
in Sec. III B. We note that both the optical gap (Fig. 5a)
and the minimum gap (Fig. 5b) are subject to this red
shift with increasing temperature. Increasing tempera-
ture also leads to an increase of the absorption coeffi-
cient, best seen in the logarithmic plot in Fig. 5b. With-
out phonons, only vertical transitions are allowed due to
momentum conservation, but with phonons, transitions
connecting different k-vectors also have non-vanishing
(second-order) transition matrix elements. This means
that the absorption cross section increases with the
phonon population due to the increase in available ini-
tial and final states, leading to an increase in the ab-
sorption coefficient. The magnitude of the increase is
relatively low compared to the overall signal strength as
the phonon-mediated opical absorption is a second order
process, but appears to be a generic feature of indirect
band gap semiconductors [32, 34, 35].
Another significant feature which arises in optical ab-
sorption spectra when including the interaction with
the lattice is the smoothening of the absorption peaks
with increasing temperature. With increasing number of
phonons the accessibility of final states of different ener-
gies increases, leading to a broader energy spectrum and
a smoother signal.
V. SUMMARY AND CONCLUSIONS
In this work we have presented first principles calcu-
lations on the indirect band gap of BAs, taking into ac-
count the effects of temperature via the electron-phonon
coupling and thermal expansion, the effects of electron
correlation through exact exchange, and the role of the
spin-orbit interaction. Electron-phonon coupling enables
the phonon-mediated optical absorption across the mini-
mum indirect band gap of BAs, a transition which within
the standard static lattice approximation is prohibited
due to momentum conservation. This results in an ab-
sorption onset which occurs at about 1.5 eV below the ab-
sorption onset calculated at the static lattice level. Fur-
thermore, electron-phonon coupling also induces a red
shift of the absorption onset and a smoothening of the
absorption peaks with increasing temperature. We find
that thermal expansion has a negligible effect on the op-
toelectronic properties of BAs.
Additionally, our results show that exact exchange in-
cluded using the hybrid HSE functional enhances the
electron-phonon driven band gap change with temper-
ature by around 20%, indicating that electron-electron
correlation significantly influences the electron-phonon
matrix elements in BAs. In contrast, the spin-orbit
interaction only modifies the electron-phonon coupling
strength weakly.
The findings in our study underpin the potential of
cubic boron arsenide as a material for use in optoelec-
tronic devices. A comparison with silicon shows that,
apart from the extraordinarily high thermal conductiv-
ity of BAs, which is six times higher than that of crys-
talline silicon, BAs exhibits a similar absorption onset
to that of silicon [69] but has a higher absorption coef-
ficient. The absorption probability of BAs is approxi-
mately four times higher in the region of the absorption
onset than that of silicon. This feature leads to a higher
absorption cross-section and potentially to a higher per-
formance in operating devices compared to the silicon
based analogues.
Our work shows that there are manifold contribu-
tions that may play a significant role in determining the
8temperature dependence of the optical properties and
ultimately the optoelectronic performance of semicon-
ductors. These include electron-phonon coupling, ther-
mal expansion, exact exchange, and spin-orbit coupling.
These effects might also influence the extraordinary ther-
mal conductivity properties of BAs, and our work demon-
strates that a full characterization of this material re-
quires careful validation of the level of theory used. We
think that all of these effects should be considered when
predicting novel materials for potential optoelectronic de-
vices, and that this will become particularly important
with increasing material complexity where an a priori
estimation of their relative strength might prove impos-
sible.
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